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Abstract
Poly(glycerol sebacate) (PGS), or biorubber, is a tough, biodegradable elastomer made
from biocompatible monomers. The material was designed, synthesized and
characterized in the Department of Chemical Engineering at MIT. Its main features are
good mechanical properties, rubberlike elasticity and surface erosion biodegradation.
PGS was proved to have similar in vitro and in vivo biocompatibility to PLGA, poly(Llactic-co-glycolic acid), a widely used biodegradable polymer. PGS has been tested for
use as nerve guide material and to fabricate artificial capillary networks for tissue
engineering applications, both yielding promising results.
Currently, the PGS research group continues to develop the material and to seek
applications to maximize market potential and impact in the medical field, i.e. stenting
(cardiovascular and non-vascular) and tissue engineering (cardiovascular and
musculoskeletal). These markets were estimated at $5 billion dollars [1] and potentially
over $10 billion dollars [2], respectively in the U.S. for 2004. Another promising field
involves drug delivery, particularly in combination devices like drug-eluting stents. The
potential non-medical applications are biodegradable rubbish bags, the absorbent material
used in sanitary napkins or diapers, and even fishing lure or chewing gum.
MIT submitted a patent application for PGS titled "Biodegradable Polymer":
US2003/0118692 Al. The patent strongly presents the quality of the technology, protects
methods for synthesizing the material and supports several products made from or with it;
thus rendering large market potential for PGS. A patent search compares the PGS patent
to intellectual property for other competing biodegradable elastomers; mainly to
polymers developed by Ameer et al. in Northwestern University, using citric acid (PDC
and POC) and similar to PGS in mechanical properties, elasticity and degradation
mechanism.
The recommended business model is to pursue development through NIH grants within
MIT collaborating with Northwestern University. A joint venture for both materials can
lead to founding a medical device start-up funded by SBIR grants or the Deshpande
Center at MIT. After pre-clinical trials, the company may be offered for sale to larger
players, i.e. Johnson & Johnson or Boston Scientific for stenting; and Genzyme,
Advanced Tissue Science, or other upcoming companies focused on tissue engineering.
Thesis Supervisor: Lorna J. Gibson
Title: Matoula S. Salapatas Professor of Materials Science and Engineering

Motivation
The medical field is fairly conservative in accepting and adopting new materials
and designs for novel devices. This tendency is unfortunate, because these new devices
could serve critical and literally life-and-death functions. However, it is understandable
given that the biomedical field deals with a person's most valuable assets: health and life.
As multiple fields of technology advance, so does our life expectancy. People
now have longer lives, and therefore face a number of health challenges throughout their
life: sports injuries, multiple forms of cancer, obesity, etc., plus a number of secondary
effects from the treatments for these.
Working in the biomedical engineering field provides an approach to directly
impact a patient's quality of life by developing novel devices or improving existing ones.
The general goal is to produce less invasive medical treatments that are more effective
and with fewer secondary effects. Biodegradable polymers provide a particularly
interesting area of opportunity due to the malleability of their physical and chemical
properties.
Poly(glycerol sebacate) (PGS), also called biorubber, is a tough, biodegradable,
elastomer made from biocompatible monomers. The material was designed, synthesized
and characterized through collaborations within the Department of Chemical Engineering
at MIT. Its most important features are that it has good mechanical properties, rubberlike
elasticity and hydrolysis through surface erosion. These characteristics enable the
material to be used in a number of medical and non-medical applications.
The scope of this Master of Engineering thesis is to assess the value of the
biorubber technology and its unique capabilities. The main focus is evaluating the
possibility to manufacture and commercialize biodegradable medical devices. The
evaluation includes an overview of intellectual property protection and an assessment of
possible niche applications, mainly in the medical industry. Additionally, the thesis will
propose viable commercialization routes for the technology. The advisor for this project
is Prof. Lorna Gibson, faculty at the Department of Materials Science and Engineering;
with the collaboration of Dr. Jeffrey M. Karp and Dr. David A. Berry from the Langer
Lab in the Department of Chemical Engineering.

Research, Development and Technology
Introduction to Biodegradable Polymers as Medical Devices
History
During the first half of the 20th century, the first biodegradable polymers were
synthesized from glycolic and hydroxyl acids. All initial research and development
efforts were abandoned, because these polymers were unstable for long-term industrial
use. However, biodegradable polymers were rediscovered in the last 30 years, when their
instability characteristic became important for biomedical applications. The first products
approved were biodegradable sutures in the 1960s. Since then, diverse products based on
lactic and glycolic acid have been accepted for use as medical devices, while research
continues on a myriad of other polymers and applications [3].
The main feature that makes biodegradation so desirable is eliminating the need
for a second surgery to remove, replace or reassess an implanted device. However, the
reasons for implants that degrade over time go beyond eliminating the need for retrieval
[4]. For example, the strength of a rigid metallic implant used in bone fixation can lead to
problems due to stress shielding. A bioabsorbable implant can increase ultimate bone
strength by slowly transferring loads to the bone as it heals. In a different field, metal
stents present long-term complications such as freezing remodeling of the vessel [5]. For
drug delivery, the specific properties of various degradable systems can be precisely
tailored to achieve optimal release kinetics of a drug or active agent [3].
Biodegradation has a wide number of applications in terms of creating new
devices and improving existing medical technologies. The possibilities unfold in the form
of new medical devices, tailored drug delivery, combination devices like drug-eluting
stents, and stress shielding relief for orthopedic implants amongst others.
At present, an ideal biodegradable polymer for medical applications would have
adequate mechanical properties to match the application (i.e. strong enough but not too
strong), would not induce inflammation or other toxic response, would be fully
metabolized once it degrades, and would be sterilizable and easily processed into a final
end product with an acceptable shelf life [4].

Chemistry, Biodegradation and Biocompatibility
Biodegradable polymers can be either natural or synthetic. In general, synthetic
polymers offer advantages over natural materials in that they can be tailored to give a
wider range of properties and more predictable uniformity between lots. Synthetic
polymers also represent a more reliable source of raw materials, one free from concerns
of immunogenicity, the ability to provoke an immune response in the body [3].
The factors affecting the mechanical performance of biodegradable polymers are
well known to polymer scientists, and include monomer selection, initiator selection,
process conditions, and the presence of additives. These factors in turn influence the
polymer's hydrophilicity, crystallinity, melt and glass-transition temperatures, molecular
weight, molecular-weight distribution, end groups, sequence distribution (random versus
blocky), and presence of residual monomer or additives. In addition, the polymer scientist
working with biodegradable materials must evaluate each of these variables for its effect
on biodegradation [6].
Biodegradation has been accomplished by synthesizing polymers that have
hydrolytically unstable linkages in the backbone. The most common chemical functional
groups with this characteristic are esters, anhydrides, orthoesters, and amides [3]. The
prevailing mechanism for polymer degradation is simple chemical hydrolysis of the
hydrolytically unstable backbone [3]. This can take place in two modalities: bulk erosion
and surface erosion.
In bulk erosion, the rate at which water penetrates the device exceeds that at
which the polymer is converted into water-soluble materials; so this leads to erosion
throughout the device. All of the commercially available synthetic devices and sutures
degrade by bulk erosion. This mechanism occurs in two phases. In the first phase, water
penetrates the bulk of the device, preferentially attacking the chemical bonds in the
amorphous phase and converting long polymer chains into shorter water-soluble
fragments. Because this occurs in the amorphous phase initially, there is a reduction in
molecular weight without a loss in physical properties, since the device matrix is still
held together by the crystalline regions. The reduction in molecular weight is soon
followed by a reduction in physical properties as water begins to fragment the device. In
the second phase, enzymatic attack and metabolization of the fragments occurs, resulting

in a rapid loss of polymer mass [3]. The generic absorption curves for bulk erosion are
shown in Figure 1.

Figure 1. Generic absorption curves showing the sequence of polymer erosion [7]
The second type of degradation, surface erosion, occurs when the rate at which
the polymer penetrates the device is slower than the rate of conversion of the polymer
into water-soluble materials. Surface erosion results in the device thinning over time
while maintaining its bulk integrity. Polyanhydrides and polyorthoesters are examples of
materials that undergo this type of erosion-when the polymer is hydrophobic, but the
chemical bonds are highly susceptible to hydrolysis. This process may be referred to as
bioerosion rather than biodegradation [3]. An example of a polyorthoester rod that
degrades through surface erosion is shown in Figure 2.

Figure 2. Surface erosion example: biodegradable polyorthoester rod at 9 (left) and 16
(right) weeks post-implantation [8]

To simplify these mechanisms, in surface erosion small particles detach uniformly
all around the material. In bulk erosion, the material experiences a loss of molecular

weight, then a loss of its strength, and finally mass when it falls apart in particles larger
than those released through surface erosion.
The degradation-absorption mechanism is the result of many interrelated factors,
including: chemical stability of the polymer backbone, presence of catalysts, additives,
impurities, or plasticizers and the geometry of the device. One of the major challenges
facing polymer scientists and researchers today is precisely balancing these factors by
tailoring an implant to slowly degrade and transfer stress at the appropriate rate to
surrounding tissues as they heal. Once implanted, a biodegradable device should maintain
its mechanical properties until the device is no longer needed, and then be absorbed and
excreted by the body, leaving no trace [3].
The concept of biocompatibility has evolved with the development of more
advanced and intricate implantable devices. Biocompatibility is the ability of a material
to perform with an appropriate host response in a specific location. Currently, it is
intended for materials to interface with biological systems to evaluate, treat, augment, or
replace any tissue, organ or function of the body [9]. The design approach has also
changed; design engineers are now leaning away from inert biomaterials and towards
biomaterials that interact with and in time are integrated to the biological environment [4].
The biocompatibility of a medical implant will be influenced by a number of
factors, including the toxicity of the materials employed, the form and design of the
implant, the skill of the surgeon inserting the device, the dynamics or movement of the
device in situ, the resistance of the device to chemical or structural degradation
(biostability), and the nature of the reactions that occur at the biological interface [4].
These factors vary significantly, depending on whether the implant is deployed, for
example, in soft tissue, hard tissue, or the cardiovascular system-to the extent that
"biocompatibility may have to be uniquely defined for each application" [10].
Biodegradable Elastomer: Biorubber
Introduction to Technology
Poly(glycerol sebacate) (PGS), also called biorubber, is a tough, biodegradable,
elastomer made from biocompatible monomers. The material was designed, synthesized
and characterized through collaborations within at Department of Chemical Engineering
at MIT.

PGS is an elastomer that forms a covalently crosslinked, three-dimensional
network of random coils with hydroxyl groups attached to the backbone. The
crosslinking and the hydrogen-bonding interactions between the hydroxyl groups are
most likely the main characteristics that contribute to the unique properties of the
elastomer [11]. The two main monomers used are glycerol and sebacic acid, both found
widely in the human body. Glycerol is the basic building block for lipids, while sebacic
acid is a substance that metabolizes fatty acids. The US FDA has approved medical
devices made with glycerol and with polymers that contain sebacic acid.
In order to achieve the desired polymer, two main ideas were followed regarding
how to obtain good mechanical properties and rubberlike elasticity. The fine mechanical
properties are achieved through the covalent crosslinking and the hydrogen-bonding
interactions. These have been compared to one of the most prevalent biodegradable
polymers, PLGA poly(L-lactic-co-glycolic acid), with positive results. The rubberlike
elasticity comes from the 3-D network of random coils built through copolymerization
[11].
There were five main design requirements for the new material:
(i) Hydrolysis was chosen as the degradation mechanism to minimize individual
differences in the degradation profile caused by enzymes;
(ii) The need for a chemical bond that can be hydrolyzed led to the use of ester for its
versatility;
(iii) Low density crosslinking was preferred to avoid producing a rigid and brittle
polymer;
(iv) Minimization of the likelihood of heterogeneous degradation through hydrolysable
crosslink chemical bonds that are identical to those in the backbone;
(v) Need for nontoxic monomers, with at least one being trifunctional, and at least one
providing hydroxyl groups for hydrogen bonding [11].
The last design criterion combines three requirements fulfilled by glycerol, which
functions as the alcohol monomer. The acid monomer is sebacic acid, whose safety in
vivo has been proved. Polycondensation of glycerol and sebacic acid yields a transparent,
almost colorless elastomer [11]. The chemical composition for PGS is shown in Figure 3
below. The nomenclature for the name poly(glycerol sebacate), indicates the monomer in

parenthesis, and then poly refers to a large number of these monomers attached through a
backbone.
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Figure 3. Polycondensation reaction and final Biorubber polymer chain [11]
PGS is a thermoset polymer; its pre-polymer has two crystallization temperatures
at -52.14 0 C and -18.50 oC, and two melting temperatures at 5.23 TC and 37.62 oC,
respectively shown with differential scanning calorimetry (DSC). No glass transition
temperature was observed above -80 oC. The DSC results indicate that the polymer is
totally amorphous at 37 oC. Although it is a thermoset polymer, the un-crosslinked prepolymer can be processed into different shapes, because it can be melted into liquid and
is soluble in common organic solvents. This method has been used to prepare PGS sheets
and foams [ 11].
The mechanical properties have been characterized and compared to other
elastomeric and biodegradable materials; proving the toughness of Biorubber. It is
possible to customize the material's elastic modulus depending on density of crosslinking.
The material can have a maximum elongation exceeding 250% [11]. Stress-strain curves
comparing PGS, vulcanized rubber, and P4HB are shown on the left in Figure 4. On the
right, stress-strain curves for different types of biodegradable polymers are shown.
Both PGS and rubber have low modulus and a large elongation ratio. Thus, they
are elastomeric and tough, as opposed to P4HB [11]. In comparison, the curve for stress
vs. strain for PLGA is comparable to the curve displayed for P4HB. The high modulus
and low yield strain of P4HB and PLGA indicates that these are stiffer materials [11].
The elasticity is important because many devices are placed in mechanically
dynamic environments in the body, which requires the implant to sustain and recover
from deformations without causing inflammation in the surrounding tissue.
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Figure 4. Left: Stress vs. Strain curves comparing PGS, vulcanized rubber and P4HB [11];
Right: Typical stress-strain curves of foams of different compositions: 1)PMMA
poly(methyl methacrylate); 2)PLGA; 3) PLLA poly(L-lactic acid); 4)PLLA-PEG
(polyethylene glycol)-CaCO 3; 5) PLGA-PEG; 6)PLLA-PEG [12]
The material was designed to biodegrade through surface erosion. As explained
previously, this means that the material loses small particles and thins in layers, as
opposed to breaking apart in larger pieces. The purpose of this design requirement was to
open the possibility for the material to be used in drug delivery. Surface erosion is
favorable to achieve precise drug elution rates.
The polymer also underwent biocompatibility profile characterization. In vitro
and in vivo studies show that the polymer has good biocompatibility. Polymer implants
placed under animal skin were completely absorbed within 60 days. At this point, the
implantation sites had completely returned to their normal structure [11]. This work is
described further in the Preliminary Work section.
Even though products that use the basic monomers that build PGS have already
been approved by the FDA, biorubber will require its own FDA approval for each
application where it is utilized. However, previous approval for glycerol and sebacic acid
in other applications does facilitate the clinical and regulatory path necessary for
biorubber.
A material with these characteristics could be useful for fields such as tissue
engineering, drug delivery, in vivo sensing [11] and the design of numerous biomedical
devices such as stents. The possible applications extend beyond the medical, as far as
using PGS to make chewing gum or biodegradable disposable bags [13].

To summarize, the features that make PGS a unique material are its strong
mechanical properties, rubberlike elasticity and having surface erosion as the degradation
mechanism. The mechanical and elasticity properties are tailorable to the application, as
well as the degradation profile. Once implanted, the material stays strong until the
surrounding tissue has healed. The material remains stable after implantation, which is
particular important for drug delivery applications. Additionally, PGS produces no
inflammatory or toxic response, and is fully metabolized by the body after degradation,
leaving absolutely no trace.
After manufacturing, biorubber shows an acceptable shelf life of approximately
one to two years, and no packaging or storing difficulties. These are common for
biodegradable polymers because they are prone to absorb moisture during packaging, and
then premature degradation may occur during storage. PGS shelf life is subject to change
if the material is mixed with a drug. For example, the presence of ester bonds would
accelerate PGS degradation, thus shortening its shelf life.
The material is fairly inexpensive and can be produced in batches of 400 grams.
Although PLGA is priced differently according to the processed form (i.e. pellets,
spheres, filament, etc.) and the amount sold, it is possible that manufacturing of PGS may
cost approximately one tenth that of manufacturing of PLGA [14], the most commonly
used FDA-approved biodegradable polymer.
There are several challenges ahead for the developers of PGS. Presently, a method
to synthesize the material at room temperature is still under development. Therefore,
there is the need for further experimenting before concluding the technology
development process and moving the project towards focusing on particular applications.
In terms of clinical and regulatory work, several years lay ahead before achieving FDA
approval.
There are certain difficulties for sterilization of PGS, as for any other
biodegradable polymer. In general, either e-beam or gamma radiation is used to sterilize
this type of material. However, this treatment alters the mechanical properties and lessens
the general strength and durability of the material. This aspect can be approached by
tailoring the mechanical and degradation properties, so that these are stronger than
originally needed. This aspect poses certain difficulties and requires delicate work and
careful balances on the lab bench.

Finally, in terms of complications for biorubber, there is general concern for the
need for legislative relief for the biomedical and biotechnology companies. Liabilities are
enormous, as would be expected when products interact with people's lives on a daily
basis. This aspect is so strong, that it has been definitely deterring for a number of
polymer companies that will refuse to have their products applied to human use.
Previous and Current Work
In vivo and in vitro implantation: biocompatibility
In addition to characterizing the mechanical and chemical properties of the
material, PGS was also tested for biocompatibility in vitro and in vivo. PGS proved to be
at least as biocompatible as PLGA in vitro, through an experiment where fibroblast cells
were seeded with both materials. The in vivo model used to compare biocompatibility
involved the subcutaneous implantation of the materials in Sprague-Dawely rats. Samples
of each were planted symmetrically into the back of the same animal [11].
The inflammatory responses subsided with time for both polymer implants.
Although in the first three weeks the inflammatory response of PLGA implantation sites
was thinner than PGS sites, their thickness became comparable around the fourth and
fifth week. Fibrous capsules formed around PLGA implants within 14 days, while no
collagen deposition appeared around PGS implants until after 35 days. Thick fibrous
capsules block mass transfer between the implants and surrounding tissues, which can
impair implant functions. After 60 days, PGS had fully metabolized and left no trace in
the organisms [11].
The implants were completely absorbed without granulation or formation of scar
tissue, and the implantation site was restored to its normal histologic architecture. Overall,
the inflammatory response of PGS is similar to PLGA, but it induces little or no fibrous
capsule formation [11]. Figure 5 shows photomicrographs of rat skin implanted with
PLGA and PGS.
The blank area at the bottom of each image is the implantation site; the colored
area above is skin. The red and blue areas are hematoxylin and eosin (H&E) stains, the
most common stain used in histology and a combination of two dyes: the basic dye
hematoxylin, and the alcohol-based synthetic material, eosin. The coloring obtained is
principally a structural stain, giving morphological information [15]. This staining
method colors basophilic structures with blue-purple hue, and eosinophilic structures

bright pink. The basophilic structures are usually the ones containing nucleic acids, such
as the ribosomes and the chromatin-rich cell nucleus, and the cytoplasmatic regions rich
in RNA. The eosinophilic structures are generally composed of intracellular or
extracellular protein [16].

A

B

Figure 5. A: PGS and B: PLGA implantation sites. Note fibrous encapsulation around
PLGA. Scale bar = 200 pm [11]
Large white areas above the implantation site indicate fibrous encapsulation,
which is abundant in the PLGA site. The small blue dots and the red areas around the
implantation site indicate the inflammatory response: the more dots, generally the
stronger the response. The larger cells observed with two or more nuclei are foreign body
giant cells. The images compare lumen wall characteristics and fibrous capsule thickness
(insets, MTS, 5x) at implantation sites after 35 days. The luminal wall was reduced to a
thin zone of cell debris with no vascular proliferation. Collagen deposition in PGS was
much thinner than that surrounding the fragmented PLGA implant.
Nerve guide material application: biocompatibility
The biocompatibility of PGS was also tested in its use as nerve guide material.
Currently, there is no satisfactory method for bridging neural defects. Autografts lead to
inadequate functional recovery, and most available artificial neural conduits possess
unfavorable swelling and pro-inflammatory characteristics. The effect of PGS on
Schwann cell metabolic activity, attachment, proliferation and apoptosis were examined
in vitro in comparison with PLGA, which is widely used in tissue engineering

applications. The in vivo tissue response was compared when both materials were
implanted juxtaposed to the sciatic nerve. The physical changes in the implant material
were measured during the degradation process [17]. This experiment was conducted with
collaborations from MIT, Harvard Medical School and Georgia Institute of Technology.
The results showed that PGS had no harmful effect on Schwann cell metabolic
activity, attachment, or proliferation, and did not induce apoptosis; the in vitro effects of
PGS were similar to or superior to PLGA. In vivo, PGS demonstrated favorable tissue
response profile compared with PLGA, with significantly less inflammation and fibrosis
and without detectable swelling during degradation. This experiment concluded that PGS
is an excellent candidate material for neural reconstruction applications given its low
toxicity and minimal in vivo tissue response [17]. In these aspects, it is superior to PLGA,
as shown in the tissue sections in Figure 6. The black arrows denote interface surfaces
between tissue and polymer. Note how much of the interface surface in B (PLGA) is
masked by inflammatory cells. As explained before, the figures show an H&E stain
where the red areas and blue dots denote the inflammatory response. The large white
cells in white in Figure 6-B are foreign giant cells or fibrous capsules.

I

Figure 6. Sections of immediately adjacent tissue 35 days post (A) PGS and (B) PLGA
implantation [17]
Microfabrication of artificial capillary networks
Vital organs maintain dense microvasculature to sustain the proper function of
their cells. For tissue-engineered organs to function properly, artificial capillary networks
are also manufactured to help this purpose. The Biology and Chemistry Departments
along with the Division of Health Science and Technology at MIT teamed up with
Harvard Medical School and the Department of Biomedical Engineering in the Georgia

Institute of Technology to microfabricate capillary networks with PGS. The potential for
PGS in this area is to use it for microfabrication of capillary networks to support the
proper functioning of tissue-engineered organs. Biorubber was a likely candidate since it
matches the mechanical properties of veins and is proved to be biocompatible [18].
The capillary

patterns were etched onto silicon wafers using standard

microelectromechanical systems techniques. The resultant silicon wafers served as
micromolds for the devices. The patterned PGS film was bonded with a flat film to create
capillary networks that were perfused with a syringe pump at a physiological flow rate
[18]. A schematic of the molding process is shown in Figure 7.
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Figure 7. Schematic representation of the molding (a) and bonding (b) processes [18]
The devices were endothelialized under flow conditions. Visually, they appeared
as transparent and flexible thin films with embedded capillary channels. To ensure
optimal blood flow and mass transport characteristics, these microvascular networks were
designed on the basis of computational models that take into account the particulate
nature and complex multiphase rheology of blood, which is important in microcirculation.
Different types of cells, including endothelial cells, adhered to and proliferated on
unmodified PGS surfaces. Additionally, part of the lumens reached confluence within 14
days of culture; they merged and flowed together. In comparison with the network
devices made with other polymers like PDMS and PLGA, endothelial cells could adhere
to PGS network devices without the use of adhesion proteins [18].

Figure 8 shows on the top left, the patterned elastomeric PGS film, which forms
the top layer of the capillary network. The bottom left shows the final device with
polyurethane-sealed connections to an external circulation. The final dimensions of the
whole device on the left were approximately 38 x 75 x Imm. On the right is a
photomicrograph of endothelialized capillary network under 10x (top) and 40x (bottom)
magnification. The endothelial cells reached confluence at various portions of the PGS
capillaries within 14 days; these can be observed in the magnifications [18].
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Figure 8. Left: Patterned PGS film, approximate dimensions of 38 x 75 x 1mm. Right:
Photomicrograph of endothelialized capillary network, magnification of 10X (top) and 40X
(bottom) [18]
This approach may lead to tissue-engineered microvasculature that is critical in
vital organs engineering. The long term goal is to build capillary networks with
engineered tissue to transport oxygen and nutrients to remove waste in synthetic organs
[18].
Synthesis at room temperature
Commercially available biodegradable polymers can be melt-processed by
conventional means such as injection molding, compression molding, and extrusion. As
with packaging, special consideration needs to be given to the exclusion of moisture from
the material before melt processing to prevent hydrolytic degradation. Special care must
be taken to dry the polymers before processing and to rigorously exclude humidity during
processing [3].

Because most biodegradable polymers have been synthesized by ring-opening
polymerization,

a thermodynamic

equilibrium

exists

between

the

forward or

polymerization reaction and the reverse reaction that results in monomer formation.
Excessively high processing temperatures may result in monomer formation during the
molding or extrusion process. The presence of excess monomers can act as a plasticizer,
changing the material's mechanical properties, and can catalyze the hydrolysis of the
device, thus altering degradation kinetics. Therefore, these materials should be processed
at the lowest temperatures possible [3].
The research group at the Langer Lab is now facing a
processing challenge in the development of PGS. Currently,
they are developing methods and processes to synthesize the
material

at room temperature. This

component of the

technology development process will enable the production of
biorubber into different shapes, i.e. sphere, fibers, films, etc.
This would increase the number and type of potential
applications for PGS. The research group's timeline estimates
success in this issue towards the end of summer 2006.

tigure 9 Langer LaD members nara at work [19]
Assessment of Technology in its Lifecycle
The development of biorubber has followed the model for empirical evolution of
fundamental technology presented in Professor Eugene A. Fitzgerald's Technology
Development and Evaluation course. Within a span of ten to twenty years, an embryonic
technology is expected to go through a number of technological barriers and changes in
both the perceived and real value of the technology, as well as in the level of activity in
the particular field [20].
Biorubber has been under development since 2001, and has gone through a few of
the predicted peaks already. Figure 10 shows the model for empirical evolution of
fundamental technology and the black arrows point the current stage for biorubber. After
it was originally designed and successfully synthesized, the material received a large
amount of media attention. The Langer Lab presented it to the world as the next
breakthrough material that would be able to act as anything from a biodegradable stent to

a tissue scaffold that would push tissue engineering forward to the point of producing
synthetic organs ready to be implanted into people. While realistic, a lot of work still
needs to be done in order to attain the futuristic biomedical dreams that sheltered PGS
during the first year of media attention.
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Figure 10. Model for empirical evolution of fundamental technology, the blaclk arrows show
biorubber at its current stage [20]
The perceived value peaked dramatically and became prematurely high, as
opposed to the material's real value which has continued to grow slowly, but steadily. For
biorubber, the real value will truly launch once that the research team has decided upon
specific applications, so that a marked and clearly directed path is pursued. The curve for
labor and activity in the technology field perhaps fits the actual case less than the
previous. There has been plenty of work done with biodegradable polymers for the past
few decades, and development continues to take place for different applications. The
peak for biodegradable polymers may have taken place before biorubber was conceived.
However, this field has been kept in the eye of the media given the successful

breakthroughs created, some of which emerged from the Langer Lab with the
collaboration of other institutes and universities. The creation of successful start-ups like
MicroCHIPS, Inc., pioneer into drug delivery and biosensing retains the eyes of venture
capitalists and researchers of the world fixed on Langer's work.
Therefore, PGS is entering the area of the model referred to as the "financial gap"
where there are still five or ten more years to go before the real value of the material
increases considerably and there is an ease to find investors interested in the technology.
Therein lays the challenge of the upcoming entrepreneur.

Applications and Competitive Technologies
Applications
In general, biodegradable polymers have significant potential in biotechnology
and bioengineering. However, for some applications, they are limited by their inferior
mechanical properties and unsatisfactory compatibility with cells and tissues. A strong,
biodegradable and biocompatible elastomer could be useful for fields such as tissue
engineering, drug delivery, in vivo sensing [11] and number of biomedical implants.
Biorubber has not yet been commercialized, but it is a technology bubbling with multiple
potential applications.
Among the prominent applications for biomaterials in general are [4]:
*

Cardiovascular: vascular grafts, heart valves, pacemakers, artificial heart and
ventricular assist device components, stents, balloons, and blood substitutes

* Tissue engineering: tissue screws and tacks, burn and wound dressings and
artificial skin, tissue adhesives and sealants, matrices for cell encapsulation and
tissue engineering
*

Drug delivery: drug delivery systems alone or in combination devices (i.e. drugeluting stent)

*

Orthopedics: joint replacements (hip, knee), fracture fixation plates, and artificial
tendons and ligaments

*

Endoscopic: esophageal and other gastrointestinal stenting

*

Ophthalmics: contact lenses, corneal implants and artificial corneas, and
intraocular lenses

*

Other applications-dental implants, cochlear implants, and sutures.
The types of materials featured in the above uses include metals (stainless steel,

titanium, cobalt chrome, nitinol), ceramics and glasses (alumina, calcium phosphate,
hydroxyapatite), and a wide range of synthetic and natural polymers [4].
In order to determine a niche market for PGS, it is necessary to focus on the
material's special features and correlate these with the areas of opportunity available in
different markets. The main features for PGS are its mechanical properties, particularly
elasticity and surface erosion degradation. Considering the costs of development and the
regulatory path for FDA approval, it is not recommended to try to substitute previously
approved and widely accepted materials with biorubber, unless the specific application
can be considerably improved. The Langer Lab estimated from previous entrepreneurship
experiences that to introduce biorubber into a given market for a known application
would require a market size of at least 100 to 200 million USD. For an entirely novel
application the potential market would need to exceed 1 billion USD. The estimates
reflect the size of the market needed in order to ensure a profit from investing in the
development and application of biorubber [14].
The total U.S. revenues from commercial products developed from absorbable
polymers in 1995 was estimated to be over 300 million USD, with more than 95% of
revenues generated from the sale of bioabsorbable sutures. The other 5% is attributed to
orthopedic fixation devices in the forms of pins, rods, and tacks; staples for wound
closure; and dental applications [21]. Research into biodegradable systems continues to
increase, from the 60 to 70 papers published each year in the late 1970s to the more than
400 each year in the early 1990s. The rate at which bioabsorbable devices are cleared
through the FDA 510(k) regulatory process is also increasing, with seven devices cleared
for sale in 1995 [3].
Based on the particular mechanical properties and results from previous work, the
areas that are most promising for biorubber application are primarily fabrication of stents
(cardiovascular, endoscopic, etc.) combined with drug delivery and tissue engineering
(cardiovascular and musculoskeletal). These fields are receiving plenty of attention and
investment, and there is large growth perceived over the next few years.

Stent Fabrication
In medicine, a stent is either an expandable wire mesh or hollow perforated tube
that is inserted into a hollow structure of the body to keep it open. The main purpose of a
stent is to overcome important decreases in vessel or duct diameter. Stents are often used
to diminish pressure differences in blood flow to organs beyond an obstruction in order to
maintain an adequate delivery of oxygen. Although perhaps the most popular use of
stents is linked to the coronary arteries, they are widely used in several other structures,
such as peripheral arteries and veins, bile ducts, esophagus, trachea or large bronchi,
ureters, and urethra [1]. Figure 11 shows an esophageal stent for benign strictures, usually
caused as secondary effects of chemo or radiotherapy, or by accidentally swallowing
corrosive substances. Riisch Polyflex stent is made from a non-biodegradable polymer:
silicone.
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Figure 11 Riisch Polyflex is a non-biodegradable polymer esophageal stent [22]
Prior to deployment, a stent is collapsed to a small diameter; current stents are
self-expandable or can be dilated using an inflatable balloon. After expansion, stents are
affixed to the vessel or duct wall by their own radial tension [1]. Therefore, stents are
placed in mechanically dynamic environments where the strength and elasticity of
biorubber could be most beneficial.
These devices are most commonly inserted under fluoroscopic guidance or
endoscopy, procedures that are generally less invasive than conventional surgery. This
makes stents suitable for patients with advanced disease or those for whom the risk of
major surgery is high [1]. Although biodegradable polymers are typically colorless, there
is the possibility to add small amounts of metals (i.e. tantalum) to increase visibility
through fluoroscopy.
In addition to the advantages of stenting, general anesthesia is usually not
required for stent insertion. For these reasons, stents have offered clear benefits over
conventional surgery that include, overall, shorter recovery periods and hospital stays, as

well as decreased morbidity and mortality in appropriately selected patients, for whom
stent placement is clinically and reasonably indicated [1].
Coronary artery disease is the most common type of heart disease, which is the
number one leading cause of death in Canada, the U.S. and Europe [23]. Therefore
recently, most of the attention in the stenting field has been given to cardiac stents, which
are flexible metal tubes made out of wire mesh. They are used to treat patients with
atherosclerosis, or clogging of coronary arteries caused by fat and cholesterol, and
leading to inadequate flow of blood to the heart, incapacitating chest pain and heart
failure. If the atherosclerosis is identified early, the blocked artery can be reopened
through angioplasty, a procedure that uses balloons to expand arteries and reestablish
blood flow. After the artery is opened, a stent is placed to help prop it open [23]. More
than 2.5 million stents had been implanted worldwide by February 2005 [23]. The two
available drug-eluting cardiovascular stents are shown in Figure 12.

Figure 12. Cardiovascular stents: (left) Boston Scientific's Taxus [24] and (right)
Johnson & Johnson's Cypher [25]
Regular stents were first approved for use in the United States in 1994. These
stents were so effective that they quickly became a standard part of cardiovascular care.
By 2003, the domestic market for stents had grown to $2.6 billion annually [26].
Although stents greatly improve the outcome of angioplasty, 20% of patients experience
restenosis, a type of scarring that completely occludes the treated artery, and leads to a
second procedure. Research led to two novel types of stents: Johnson & Johnson's
Cypher, a drug-coated stent covered with Rapamune, an anti-rejection drug made by
Wyeth Pharmaceuticals; and Boston Scientific's Taxus, coated with Paclitaxel mixed in a
polymer that slowly releases the drug [26].
The new stents cost around $3,000, which is three times the price of an ordinary
stent. The market expanded to one million patients and $4.7 billion in worldwide sales by

2005. Johnson & Johnson's stent sales worldwide increased to over $2 billion from $675
million in 2002. Once Taxus was approved in 2003, Boston Scientific's stent sales
represented the most successful medical product launch in history with over $2 billion in
sales [26]. Although competing products are expected from Medtronic and Abbot Labs,
the market is still a two-company monopoly. The total current cardiovascular stent
market is approximately $5 billion and continues to grow [26].
One of the main concerns post stent insertion, is the fact that the stent remains in
place after it has fulfilled its purpose. For esophageal stents, for example, a second
procedure is necessary to extract the stent, depending on the type of stricture. For
example for a benign stricture caused as a secondary effect of chemotherapy, healing
time is approximately 12 weeks. In the cardiovascular application, restenosis becomes the
first concern; followed in the long term by truncation of remodeling of the vessel when a
stent remains permanently allocated.
Some of the long-term complications of metal stents are that stenting freezes
remodeling. Metal stents prevent the lumen expansion associated with late favorable
remodeling, despite allowing some enlargement of the vessel surrounding the stent. The
possibility of not having a permanent metallic implant could permit the occurrence of
remodeling with lumen enlargement to compensate for the development of new lesions
[5]. Moreover, with the use of long stents and full-lesion coverage, stented segments can
now extend several inches. This situation may preclude surgical revascularization, which
may become necessary at a later time [5]. In addition, a biodegradable stent may act as an
optimal vehicle for specific local therapy with drugs or genes. Therefore, biodegradable
stents appear to be the next goal for the major players in the biomedical device field,
given the short-term need for a stent and the potential long-term complications of metal
stents. Figure 13 shows a biodegradable stent prototype.
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Figure 13 Biodegradable intravascular stent prototype from Cordis Corporation [27]

Previously for some applications, biodegradable polymers have been limited by
their inferior mechanical properties and unsatisfactory compatibility with cells and tissues.
One of the stents most important characteristics is the ability to exert radial tension in
order to hold open the vessel or duct where it is implanted, particularly after the device is
collapsed to its smallest diameter for insertion. In the past, prototype biodegradable stents
built from PLLA, PLGA and other common materials, have failed at remaining stiff
enough to fulfill their goal. Additionally, FDA has expressed hesitancy about the safety
of these devices if materials degrade through bulk erosion and large pieces of the device
may travel inside the body; for example, the presence of pieces of stent in the stomach
when an esophageal stent breaks down [28]. These are precisely the kind of
characteristics that biorubber needs in terms of finding a niche application as primary
market.
Biorubber may be combined with a harder polymer that forms plastically for the
production of biodegradable stents. PGS will act as a plasticizer that enables the stent to
expand into the desired shape after implantation. The stent will increase the diameter of
the blood vessel to allow easier circulation, but, because the stent is biodegradable, this is
achieved without thrombosis or covering of the stent with scar tissue, which would
recluse the blood vessel. The time the stent should remain in place and retain its shape
before degradation will vary from patient to patient and depend partially on the amount of
blockage and the age of the patient, since older patients require more time to heal. The
molecular weight and crosslink density of the polymers can be changed to adjust the
degradation rate of the stent. There is also the possibility of creating a coated stent to
release biomolecules, small molecules, bioactive agents, or a combination of these [13].
Some interest has been lost in the possibility of developing biodegradable stents
due to concerns that the breakdown products of degradable systems can irritate the vessel
wall and cause localized inflammation. Recently, stents made with biodegradable
polymers were examined expecting that complete resorption of the stent would eliminate
any source of irritation and return the healed artery to its native state. Although promising,
further work needs to be done to avoid the loss of the structural integrity of the stent
scaffold, so that it does not cause subsequent collapse of the vessel, since the effects of
eliminating support in the arteries structurally damaged during angioplasty have never
been examined [23].

Another possible application is using biorubber to coat a metallic stent. Localized
drug delivery using stents provides higher local tissue levels, lower risk of systemic
toxicity and controlled release of the active agent over a prolonged period of time [23].
Since biorubber is flexible, it will expand with the stent without ripping, while the
stiffness of the metal stent will prevent the biorubber from elastically assuming its
previous shape. The biorubber may release heparin or other anticoagulants or antiinflammatory agents to prevent the formation of clots or scar tissue to avoid the
complications described above. Angiogenic agents could also be used to promote the
remodeling of the blood vessel surrounding the stent [13]. A new design could compete
against the existing cardiovascular products or open new markets for drug-eluting
products in non-vascular stenting.
The vast majority of research and clinical data on drug-eluting stents comes from
their use in coronary arteries, but these devices can be used outside the coronary
circulation in both vascular and nonvascular structures for the same main indication:
opening of vessels and prevention of restenosis. However, the physical characteristics of
each vascular bed such as external compressive forces, blood flow rates, wall thickness
and vessel wall composition differ significantly from the coronary circulation and each
presents unique challenges to local placement and drug delivery. Outside the vascular bed,
the principle expected use for drug elution is the prevention of tissue ingrowth after stent
insertion in tubular structures such as the trachea, esophagus or bile ducts [29].
The clinical manifestations of coronary artery occlusion are sufficiently common
that the coronary artery is by a considerable margin the most common site for stent
insertion, which justified the investment made by companies to develop a coronary drugeluting stent. However, this is not the case for other vascular and nonvascular sites that
could be potentially benefited through stenting. In some instances, the number of patients
with a specific illness may not allow a product to be commercially viable if developed
specifically for a treatment [29].
The nonvascular interventional stenting market is approximately $500 million,
without including additional derivative products used by interventionalists or the
potential benign market that could be penetrated if the stent technology becomes
removable [30]. Table I shows the main areas for nonvascular stenting, the incidence of
cancer and the number of patients that required stenting procedures in 2005. Additionally,

the benign market is potentially as large, $500 million, as the existing malignant market

[30].
Table 1. The nonvascular interventional stenting market [30]
Stent
market area
Pulmonary

Annual cases of cancer

Esophageal
Enteral

26,000- esophageal cancer
150,000-colonic and
duodenal cancer
80,000 - biliary cancer

Biliary

350,000- lung cancer

Annual patients requiring a stenting
procedure
50% will develop dysapnea (difficulty
breathing) due to airway obstruction
6,000 recur to stenting to open obstructions
75,000 could be treated to relieve some
form of obstruction or stricture
80% could benefited from stenting
alternatives

Further research is necessary before the ultimate role of drug-eluting stents in
peripheral vascular and nonvascular disease can be defined. It is clear that the success of
drug-eluting coronary stents cannot be repeated by merely applying the same drugs in the
same manner in other arterial beds given the physical characteristics of each separate
implantation site [30]. However, there is a market that is large enough to motivate
evaluating the possibility of using biorubber to develop a portfolio of stenting technology.
Tissue Engineering
The loss or failure of an organ or tissue is one of the most devastating, and costly
problems in human healthcare. A new field, tissue engineering, applies the principles of
biology and engineering to the development of functional substitutes for damaged tissue

[31].
Each year in the United States alone, millions of people suffer from end-stage
organ failure and tissue loss, resulting in more than $400 billion in healthcare costs.
Although 10% of these patients benefit from organ transplantation, the majority of
patients perish while waiting for donor organs. To address this problem, the field of tissue
engineering emerged with the promise of eventually solving the organ donor shortage.
Although tissue engineering is a relatively young field, growing living cells on threedimensional scaffolds to form whole tissues capable of normal biological functions has
become an active area of research [31].
Full organ transplantation is not the only focus of tissue engineering. About $15
billion is spent annually to treat bone, cartilage and other connective structure injuries

using allografts, autologous grafts, and synthetic materials [32]. Commercialization of
engineered products is only in its initial stage and several companies have products that
are in the final stages of clinical trials. Private spending on tissue engineering research
has already reached $5 billion in the United States, and with technologies having the
potential to create living organs, investments are likely to increase. Recognizing the
economic potential of tissue engineering, governments worldwide are channeling
significant funds into research and development. The main drive for investment is that if
tissue engineered products can be made cost-effective, the savings in healthcare costs
would be in the order of millions of dollars annually [32].
A growing number of companies spent nearly $600 million in 2005 pursuing
tissue engineering solutions to a vast array of diseases and degenerative conditions,
including dermatologic, orthopedic, cardiovascular, and liver and pancreatic conditions.
Almost 70 companies are actively developing products and enabling technologies.
Engineered and regenerated tissues have a market potential of over $10 billion dollars,
and the race is on to begin capitalizing on this huge unmet need [33].
Although there is enormous potential for this industry, there are several major
hurdles to overcome, both technical and financial. In particular, funding was identified as
one of the industry's greatest concerns. FDA approval requires long financial staying
power. Smaller companies must pursue partnering opportunities to see their technologies
through to the market place [34].
In 2000, the three currently approved tissue-engineered products had combined
sales of only $49 million, and the industry in general is predicted to run at a significant
net loss for a few more years. However, the clinical and monetary potential combined
with many promising technical developments should sustain the current 24% growth in
research spending [34].
The main market opportunities reside in new biomaterials to improve cell growth
and integration to allow more complex tissues to be developed, cell materials to aid cells
to thrive and function in synthesized constructs and manufacturing development to
achieve automatable, cost-effective, high-throughput production methods [34]. Biorubber
could fulfill the need for a new biomaterial given its properties.
The elasticity of biorubber recommends it for use in regenerating a variety of
tissues. The material may be used to fabricate epithelial, connective, nerve, muscle, organ

and other tissues. Potential tissues that can benefit from materials combining biorubber
include artery, ligament, skin, tendon, kidney, nerve, liver, pancreas, bladder, and others.
Biorubber may also be used as the template for mineralization and formation of bone.
The material is ideal for applications where the regenerated tissue would be subjected to
repeated tensile, hydrostatic, or other stresses, such as lung, blood vessels, heart valve,
bladder, cartilage and muscle [13].
Tissues experience mechanical forces and deformation in daily use and tissue
remodeling is often influenced by mechanical forces. For example, heart and other
muscles will increase in density and size when they are frequently used and will atrophy
under disuse. Mechanical force stimulates the cells that produce extracellular matrix
(ECM) elements to produce growth factors that promote either the production or
degradation of ECM. The use of a material like biorubber, that mimics a normal
physiological response to mechanical forces, will facilitate the regeneration of normal
tissue, as mechanical stimulation can be applied early in the culturing of tissue
engineered constructs [13].
The main areas of interest for biorubber applications in tissue engineering are
cartilage repair, mainly for the knee, and heart tissue repair. This focus is partially geared
because cardiovascular and musculoskeletal tissue engineered products have the largest
forecasts for potential markets: $8 billion and $25 billion, respectively in 2003 [2].
CardiovascularProducts
Tissue-engineered medical products are expected to play a major role in the future
of cardiovascular bypass surgery (procedure where a blood vessel is grafted and
connected to bypass an obstructed section of an artery) , heart valve replacement, venous
valve repair, and other intravascular surgeries. This market displays a wide range of
applications for myocardial and vascular regeneration, including creation of arterial grafts.
Products for cardiac and vascular tissue engineering are likely to be as varied as their
applications, and many experts believe that applications in this segment will represent
among the most important and profitable in the entire field [2].
The cardiovascular market comprises six segments: angiogenesis (development of
new blood vessels), bypass grafting, congenital heart defect repair, heart valve repair and
replacement, myocardial tissue regeneration (middle layers of the heart wall) and
restenosis prevention. In 2003, myocardial tissue regeneration represented the largest

marketing opportunity in the U.S. (with a potential market of $3.7 billion) and worldwide
(potential market of $7.4 billion). The potential volume for bypass grafts is actually
larger, but has more competitive pressures since there are existing techniques like bypass
grafts and coronary stents. A viable product for cardiac tissue regeneration, however,
currently would have no competition and would be able to command a premium price [2].
A research group in the Harvard-MIT Division of Health Sciences and
Technology led by Milica Radisic and involving Robert Langer and Gordana VunjakNovakovic has worked on regenerating myocardial tissue. The major challenge is to
direct the cells to establish the physiological structure and function of the tissue being
replaced. To engineer myocardium, biophysical regulation of the cells needs to
recapitulate multiple signals present in the native heart. They achieved this using
contraction coupling, which is critical for the development and function of a normal heart
and determines the development and function of engineered myocardium. In their
experiments, neonatal rat ventricular myocytes were seeded onto collagen sponges.
Therefore, biorubber may be a possible candidate for this sort of seeding; particularly in
the context of the researchers in the group. Remarkable enhancement of cell alignment
and coupling was achieved in the experiment, but there are still areas of future work. For
instance, optimizing the conditions of electrical stimulation, quantifying the effect of
electrical field stimulation on other cell types present in the native myocardium, and
testing the biological function and remodeling of the cardiac grafts after implantation in
injured myocardium [35].
Musculoskeletal Products
Musculoskeletal applications represent the largest potential market for tissue
engineered products in dollar volume and total number of patients. With tissue
engineered products for bone and cartilage repair already on the market, the
musculoskeletal marketplace represents one of the most lucrative and established
commercial opportunities for these technologies [2].
Existing therapies for cartilage injuries, ligament and tendon injuries, soft-tissue
shoulder

repair,

and

meniscal

repair

include

osteochondral

grafting,

viscosupplementation, ligament fixation, rotator cuff repair, cell transplantation, and bone
grafting. Areas in which tissue engineering technologies are being developed include
repair and replacement of bone, cartilage, ligament, and meniscus [2].

In 2003, the potential U.S. market for these tissue engineered products in
orthopedics totaled approximately $25.2 billion. By the year 2013, this figure is expected
to increase to $40.4 billion. Cartilage and joint repair and replacement represent the
largest potential in this market with a 67.4% share, and ligament repair and replacement
represent 2.1% [2].
One of the largest demands in the musculoskeletal market is for knee cartilage
replacement in patients suffering from sports injuries, rheumatoid arthritis and
osteoarthritis [36]. PGS could act as a shock absorber between bones in patients with
arthritis or sports injuries to the knee. It may also be used to create scaffolds to replace
cartilage and ligaments.
Cartilage injuries of the knee
Knee pain following injuries can be caused by damage to extra-articular
structures (i.e. structures outside the knee joint itself), or intra-articular structures. Extraarticular structures include the medial or lateral collateral ligaments, the patellar tendon
and retinacula, bursae and muscles or tendons adjacent to the knee; intra-articular
structures comprise the menisci, the anterior and posterior cruciate ligaments and the
articular cartilage [37]. Figure 14 shows a basic diagram of the knee.
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Figure 14. Diagram of the knee [38]
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Figure 14. Diagram of the knee [38]

Cartilage is a specialized connective tissue and is present at several sites of the
skeleton, such as ears, respiratory tract, interverebral discs and lining of the surfaces of
synovial joints. There are three main types of cartilage, namely, hyaline cartilage,
fibrocartilage (the menisci are made of this) and elastic cartilage, which differ in structure
and function. In the knee hyaline (articular) cartilage provides a smooth, white, glistening

layer covering the femur, tibia and undersurface of the patella. The main functions of this
hyaline cartilage are to provide a sort of shock-absorbing structure which can withstand
compression, tension and shearing forces, and dissipate load, and to provide an almost
frictionless articulating surface [37].
The goal of any intervention would be the formation of a durable repair tissue
providing symptomatic relief, allowing high physical activity and delaying the option of
replacement surgery. The main treatment options available for cartilage damage of the
knee are [37]:
*

lavage and debridement: 'washing out' the knee arthroscopically and removing any
unstable articular cartilage flaps

*

drilling and microfracture : penetration of the bone just beneath the cartilage defect in
an attempt to replace the defect with fibrocartilage,

*

paste, periosteal and perichondral grafting: techniques involving taking different
tissues from around the knee and transplanting them into the cartilage defect,

*

autologous chondrocyte implantation: harvesting cells from the patient to culture the
cartilage cells in vitro for reimplantation,

*
*

osteochondral autografts: using the patient's osteochondral implanted grafts,
osteochondral allografts: transplanting cadaveric osteochondral fragments to replace
the cartilage defect,

*

artificial matrices: using sterile artificial matrices to support and toughen the repair
fibrocartilage formed on the surface of joints,

*

osteotomies: breaking the femur in a controlled manner so as to alter the alignment of
the leg to delay the progression of generalized arthritis and the need for joint
replacement surgery [37].
Cartilage injuries are common and can pose difficulties both in diagnosis and

treatment. The prognosis of the resultant articular cartilage defects varies according to
age, mechanism of injury, site, size, associated injuries and treatment received.
The variety of treatment options available implies that there is no single ideal, reliable
and predictable option. The short- and medium-term results described for existing
treatments are promising but more long-term clinical results are needed. Given the
progress achieved in the last decade there is an optimistic and exciting outlook, since

industrial interest in cartilage repair has generated financial support for more detailed
research that will include the use of growth factors, gene therapy and tissue engineering
[37]. Therefore, developing therapies for cartilage injuries is an interesting area to pursue
using PGS; particularly given the positive results from the microfabrication of scaffolds
and as nerve guide material.
Drug Delivery
Controlled drug delivery occurs when a polymer, whether natural or synthetic, is
carefully combined with a drug or other active agent in such a way that the active agent is
released from the material in a predesigned manner. The release of the active agent may
be constant or cyclic over a long period, or it may be triggered by the environment or
other external events. The purpose is to achieve more effective therapies while
eliminating the potential of both under and overdosing. Other advantages of using
controlled delivery systems can include the maintenance of drug levels within a desired
range, the need for fewer administrations, optimal use of the drug in question and
increased patient compliance. While these advantages can be significant, the potential
disadvantages cannot be ignored: the possible toxicity or non-biocompatibility of the
materials used, undesirable by-products of degradation, any surgery required to implant
or remove the system, the chance of patient discomfort from the delivery device, and the
higher cost of controlled-release systems compared with traditional pharmaceutical
formulations [39].
In the United States, drug delivery systems are a prospering industry that is
transforming ordinary drugs into drugs optimized for their targeted applications. Drug
delivery is an enabling technology that is helping to expand other pharmaceutical
industry sectors such as generic drugs and specialty pharmaceuticals. The technology is
being used by some pharmaceutical firms to differentiate their products so that new
opportunities can be created. Other companies are adding special drug delivery features
to products to extend the marketing life of product lines. The industry definition has
expanded to include new, targeted therapies as well as new drug containing implants that
were invented by emerging companies. Examples of emerging drug delivery innovations
are monoclonal antibodies, gene delivery, MEMS implants and drug-coated stents [40].
The market size for drug delivery systems in 2002 was $47 billion and is
projected to grow to about $67 billion in 2006 with a compound annual growth rate of

nearly 8% [40]. While the pharmaceutical industry generated about $250 billion in 2001,
it faced numerous issues that could be helped with advanced or emerging drug delivery
systems. Many of the highly profitable blockbuster drugs reached patent expiry by 20042006 and will lose about $37 billion in market value to generic competition. Growing
through mergers has not been as beneficial as needed, so optimizing products through
drug delivery may result in a better strategy [40].
Biorubber may also be used for drug release applications, especially in those
where the matrix retaining the drug needs to be flexible. Because biorubber is elastic, it
will move with the patient as they walk, run, sit, etc. Also, PGS maintains its mechanical
integrity as it degrades, so the device is unlikely to fail catastrophically toward the end of
its lifetime, reducing the risk of a bolus release of the desired agent. Biomolecules, small
molecules and bioactive agents may all be combined with biorubber using covalent or
non-covalent interactions [13].
Biorubber may also be used for other wounds that are hard to close or that fail to
heal properly through normal physiologic mechanism. For example, diabetics often get
skin injuries, or diabetic ulcers, especially in the lower extremities that take a long time to
heal or fail to heal properly due to poor circulation. The use of biorubber to deliver
antibiotics or anti-inflammatory agents to these would aid healing and provide a cover for
the wound [13].
Beyond Medical Applications
Biorubber may also be used for non-medical applications. For example, diapers
are formed from a tough elastomer and liquid-permeable top sheet that encase an
absorbent material. Currently, polypropylene is used for the elastomeric "casing", but
polypropylene is not degradable and requires over ten years to break down in a landfill.
In contrast, biorubber is stable in a dry environment but may degrade in a landfill with
time after becoming wet. Similar products that can exploit the biodegradability of
biorubber include incontinence protectors, sanitary napkins, panty liners, and wound
dressings [13'1.
Likewise, plastic rubbish bags could be produced partially or entirely with PGS if
cost is low enough to drive its competitivity. The crosslink density of the material can be
adjusted depending on the biodegradation rate desired for a specific application. Two
other applications that aim to protect animals and the environment are the use of PGS to

manufacture helium filled balloons and fishing lure. These products are commonly left on
the earth or bodies of water after public events and fishing, respectively. Biodegradation
would therefore be beneficial for the ecosystem, while the balloons and lure could be
manufactured to keep their present properties [13].
In another non-medical application, un-crosslinked glycerol-diacid co-polymers
may be used as a base for chewing gum. Un-crosslinked PGS may be combined with a
colorant, flavor enhancer or other additives to produce gum. The appropriate
microstructure to produce a pleasant feeling in the consumer's mouth while chewing can
be determined by polymerizing PGS to different molecular weights and crosslink density
and chewing the resulting material for a few minutes. The gum may also be adapted to
deliver nutrients like vitamins or drugs to the consumer. As the gum is chewed, the
nutrient or drug is released and swallowed. If the entire gum is swallowed, it will get
completely metabolized in the digestive system [13].
Although the non-medical applications are varied, they pertain to markets which
are already saturated. For example, there are already useful and economic new
technologies that produce plastic bags with the same strength and other qualities as
conventional ones, but degrade by a process of oxidation, initiated by putting a small
amount of Totally Degradable Plastic Additives (TDPA) into the conventional plastic
made from polyethylene, polypropylene or polystyrene. There is little or no additional
cost and there is no need to re-equip factories or re-train the workforce. These
biodegradable plastic can be safely used for direct contact with food. The plastic is
consumed by bacteria and fungi until the material has biodegraded to nothing more than
C02, water and humus. Degradation rates can be tailored and start immediately after
exposure to air, but products can be vacuum-packed for delivery to suspend degradation
until needed for use, although this is not widely practiced and biodegradable bags
represent a small percentage of the total of plastic bags used annually [41]. It would be
complicated to implement PGS into an environment that has already developed at low
costs.
In regards to products like diapers, sanitary napkins, panty liners, etc. it seems
that using biodegradable products is not largely beneficial to the environment if these will
end up in a landfill after they are used. A landfill is not a composting facility, and is not
conductive towards thorough degradation, although this depends on the type of plastic. A

polymer that degrades faster may degrade during storing or use, complicating the design
of a cost-efficient cycle. In regards to disposal, there would be little if any measurable
environmental advantage to placing a biodegradable diaper in the trash over placing a
non-biodegradable diaper in the trash. With regards to diapers that will eventually be
landfilled, any significant environmental advantage would lie in the types and amounts
of resources, water and energy used to manufacture the diapers, napkins, liners, etc. [42].
The use of biorubber does not readily improve any of these conditions, since its
production has not yet been optimized for manufacturing large quantities at low cost.
Therefore, it is not economically feasible to enter these markets yet. However, these
applications should be kept in mind, since they could be more easily brought to the
marketplace than biomedical devices, and thus could provide financial relief if a start-up
company is created with the biorubber technology.
Competitors
The competition for biorubber is varied and numerous in each of its possible
applications. Biomedical devices are made from metals like stainless steel, titanium,
cobalt chrome or nitinol; ceramics and glasses like alumina, calcium phosphate or
hydroxyapatite; and a wide range of synthetic and natural polymers like PLGA [4].
Metals
While metals are effective, the devices made of common metal corroded when
they were implanted in the body and released toxins that could cause inflammation,
infection and even life-threatening injury to the patient. Metal alloys offer major
improvements, because they do not corrode when exposed to body fluid, and therefore
can be left inside the body for long periods of time without releasing harmful toxins.
However, these have serious drawbacks as well: metal stents cannot be removed or
repositioned once they are placed. This leads to many patients with metal alloy implants
undergoing follow-up surgery, with its associated cost, risk and trauma, to remove the
implant once the healing process has occurred. Follow-up surgeries performed in the
United States each year resulted in costs of $30-75 million in 2001 [34].
Ceramicsand Glasses
Ceramics and glasses are widely used for bone grafts substitutes. These implants
consist of hydroxyapatite, tricalcium phosphate, calcium sulfate, or a combination of
these minerals amongst others. Their fabrication technique, crystallinity, pore dimensions,

mechanical properties, and resorption rate vary. All synthetic porous substitutes share
numerous advantages over other materials including their unlimited supply, easy
sterilization, and storage. However, the degree to which the substitute provides an
osteoconductive structural framework or matrix for new bone ingrowth differs among
implants. Disadvantages of ceramic implants include brittle handling properties, variable
rates of resorption, poor performance in certain defects, and potentially adverse effects on
normal bone remodeling. These inherent weaknesses have refocused their primary use to
bone graft extenders and carriers for pharmaceuticals [43].
Polymers
In terms of biodegradable polymers, the leading materials that directly compete
with PGS are PLGA, polyanhydrides, poly-s-caprolactone, and indirectly hydrogels,
collagen, hyaluronic acid and dextran [14]. PLGA or poly(lactic-co-glycolic acid) is a
copolymer which is used in a number of FDA approved therapeutic devices, owing to its
biodegradability and biocompatibility. PLGA has been successful as a biodegradable
polymer because it undergoes hydrolysis in the body to produce the original monomers,
lactic acid and glycolic acid. Since the body effectively deals with the two monomers,
there is minimal systemic toxicity associated with using PLGA. Also, the possibility to
tailor its degradation time by altering the ratio of the monomers used during synthesis has
made PLGA a common choice in the production of a variety of biomedical devices such
as: grafts, sutures, implants and prosthetic devices [44]. PLGA, however, has limited
mechanical properties.
Polyanhydrides are emerging as important materials in the medical field due to
their predictable biodegradation and drug release in tissue. The main characteristics of
these polymers are due to the hydrolytic instability of the anhydride bond that degrades
rapidly to form non-toxic diacid monomers. The advantages are low preparation costs,
one-step synthesis procedure, tailorable degradation rate, easily processable for mass
production, biocompatible and easy to sterilize. However, the limitation is the hydrolytic
instability, which requires storage under moisture free frozen conditions, and leads to low
mechanical strength and film or fiber forming properties. These polymers undergo
spontaneous depolymerization to low molecular weight polymers in organic solutions or
upon storage at room temperatures and above [45].

Polycaprolactone (PCL) is a biodegradable thermoplastic polymer derived from
the chemical synthesis of crude oil. PCL is degraded by hydrolysis of the ester linkages in
physiological conditions (such as in the human body), and has therefore received a great
deal of attention for use as an implantable biomaterial. In particular it is especially
interesting for the preparation of long term implantable devices, owing to its degradation
which is slower than that of polylactide. PCL has been approved by the FDA for use in
the human body as a drug delivery device, suture, and adhesion barrier and is being
investigated as a scaffold for tissue repair via tissue engineering. A variety of drugs have
been encapsulated within PCL beads for controlled release and targeted drug delivery
[46].
Hydrogel is a network of polymer chains that are water-soluble, sometimes found
as a colloidal gel in which water is the dispersion medium. Hydrogels are superabsorbent
(they can contain over 99% water) natural or synthetic polymers. Common uses for
hydrogel are in disposable diapers where they "capture" urine, or in sanitary towels, and
also as contact lenses and medical electrodes.

Other uses include breast implants,

dressings for healing of burned or other hard-to-heal wounds and reservoirs in topical
drug delivery [47].
Collagen is the main protein of connective tissue in animals and the most
abundant protein in mammals, making up about 40% of the total. It is one of the long,
fibrous structural proteins whose functions are quite different from those of globular
proteins such as enzymes. It is tough and inextensible, with great tensile strength, and is
the main component of cartilage, ligaments and tendons, and the main protein component
of bone and teeth. Along with soft keratin, it is responsible for skin strength and elasticity,
and its degradation leads to wrinkles that accompany aging. It strengthens blood vessels
and plays a role in tissue development. Collagen has been widely used in cosmetic
surgery. The cosmetic use of collagens is declining because there is a fairly high rate of
allergic reactions causing prolonged redness and requiring inconspicuous patch testing
prior to cosmetic use. Also, most medical collagen is derived from cows, posing the risk
of transmitting diseases. Therefore, hyaluronic acid is now often used instead, but
collagens are still employed in the construction of artificial skin substitutes used in the
management of severe burns [48].

Hyaluronic acid is naturally found in many tissues of the body such as skin,
cartilage and the vitreous humor. Its mechanical properties are well suited for biomedical
applications targeting these tissues. This material is commonly used for ophthalmologic
applications and to treat osteoarthritis of the knee. Due to its high biocompatibility and its
common presence in the extracellular matrix of tissues, hyaluronan is gaining popularity
as a biomaterial scaffold in tissue engineering research [49].
Dextran is a complex branched polysaccharide made of many glucose molecules
joined into chains of varying lengths. These agents are used commonly by microsurgeons
to decrease vascular thrombosis, as anticoagulation therapy and for other osmotic
applications. Dextran in intravenous solution provides an osmotically neutral fluid that
once in the body is digested by cells into glucose and free water. It is occasionally used to
replace lost blood in emergency situations, when replacement blood is not available, but
must be used with caution as it does not provide necessary electrolytes and can cause
disturbances. It also increases blood sugar levels [50].
All of the materials described have the potential of competing against biorubber
for a given application. However, the mechanical and chemical properties of PGS make it
sufficiently special, so that there are few, if any, currently available biodegradable
materials with strong mechanical properties, rubberlike elasticity and surface erosion
degradation. It is a matter for careful business strategizing to choose the applications that
will minimize time to market for products made with biorubber and to maximize profits.
Applications Strategy
The main markets where biorubber could penetrate are stent fabrication, tissue
engineering and drug delivery. While they are all growing and will continue to do so in
the foreseeable future, the current amount of available products, length of time for a
product to reach the market and return on investment, vary considerably between them.
The stent market has seen continuous growth both in investment and in profits,
because a number of products have reached the market and heavily impacted patients'
quality of life and healthcare costs. The market is setup as an oligopoly with only a few
major players in each of them. For cardiovascular stents, Boston Scientific and Johnson
& Johnson currently hold a two-company monopoly, with Medtronic in the back as an
upcoming player. The fierce competition has led these companies to pursue new
technologies aggressively and therefore, this segment of the medical world has become

much less conservative in accepting new materials and designs. Therefore, stenting
players will be more receptive towards a new material like PGS, particularly considering
that PGS has properties that are ideal for this application.
The two other applications, tissue engineering and drug delivery, are both markets
that will continue to develop over the next few decades. It remains unclear how long it
will take for cost-effective products to emerge. Although return on investment is
supposed to be high, it will follow after a lengthy development process. Scientists are still
working on fully understanding how to take advantage of technology advancements, in
order to bring them to fruition in the form of products that directly benefit patients and
generate profits.
Therefore, it makes better business sense to start working into markets that are
easier to penetrate, and once there are PGS based products on sale, these profits can then
be reworked into the chosen business model to expand into new areas. There is also the
possibility to develop non-medical applications in parallel to provide economic relief to
the operation. Unfortunately so far, the possible non-medical applications are all within
saturated markets or simply do not provide enough benefit to the user to drive PGS
adoption.

Intellectual Property
PGS Patent Overview
After placing a provisional application in 2001, MIT submitted a patent
application to protect the invention of Poly (glycerol sebacate), titled "Biodegradable
Polymer". This patent was published as number US2003/0118692 Al on June 26, 2003.
The patent strongly protects the quality of the technology. It also protects
numerous ways of synthesizing the material, and supports several new products made
from or with it. The patent's careful construction renders large market potential to PGS
[13].
The main application protected is the use of the polymer as a tissue engineering
construct and the possibility to change the material to change the degradation rate and/or
the mechanism of the polymer. However, details are included about the possibility to use
PGS in a variety of medical and non-medical applications [13].

The patent includes claims that protect the production of PGS with different
monomer ratios, crosslinking density and linked to a variety of molecules, groups or
agents. Additionally, PGS may be seeded with cells or mixed with other polymers, and
synthesized into different shapes like a tube, sphere, strand, network, fiber, mesh or sheet.
The patent also protects a method for producing the polymer and describes all the testing
done on biorubber: synthesis and analysis, mechanical properties, and biocompatibility in
vitro and in vivo [13].
In terms of devices, PGS may be used as a drug delivery device, cardiac stent or
tissue engineering construct, i.e. synthetic tissue. For non-medical applications, the patent
protects the use of PGS as chewing gum, inflatable balloon, fishing lure or as an
absorbent garment to be used as diaper, sanitary napkin, panty liner, and incontinence
protector or surgical dressing [13]. It would be advisable, however, to extend the claims
of the patent to incorporate the fabrication of stents other than cardiovascular, and issue
another patent going into detail about the specific tissue engineering products once these
are developed.
Competing Intellectual Property
A patent search was conducted to find intellectual property for other
biodegradable elastomers, other polymers within the Langer Lab and other materials
created by the same inventors. The search was conducted at a worldwide level, but the
most focus was placed on U.S. patents.
BiodegradablePolymers
There are 44 different patents around the world involving biodegradable
elastomers, methods of producing them and specific applications in which to use them.
Out of the 44, eight could be considered substantially similar to biorubber or with
applications that are specifically stenting, tissue engineering or drug delivery. These
patents were filed primarily in the United States (4), Japan (3) and Italy (1). A short
description is included in this section and why each patent is relevant towards the PGS
technology assessment.
Biodegradable elastomer and method of preparing same US6984393: This
invention relates to thermally crosslinked and photo-crosslinked biodegradable and
biocompatible elastomeric polymers. The elastomers can be formed into films, rods,
screws, needles, stents, catheters, or other structures with or without incorporated fibers;

implantable drug delivery systems, in which a pharmaceutical agent is disposed in the
elastomer; film coatings for pills; scaffolds for tissue engineering of soft tissues in vitro
and in vivo coatings on biomedical devices such as needles, stents, and catheters; as well
as other applications such as rubber tougheners for ceramic devices. The photocrosslinked elastomers are particularly useful for delivery devices for proteins and
peptides. Further characterization of this material's mechanical properties is needed for
an accurate evaluation and comparison against PGS. However, from the patent claims, it
appears to be a direct competitor with issued intellectual property. The material was
developed in King's University at Kingston, CA.
Biodegradable elastomer and preparation process of same US6001891: This
material is a biodegradable aliphatic polyester elastomer with rubberlike elasticity,
hardness of 80 or less (in accordance with ASTM D 676-58T), elastic modulus from
1x10 5 Pa to 1x10 5 Pa at 25 0 C, and decomposes with ease in the natural environment,
under composting conditions or under hydrolysis conditions. No specific applications are
listed.
Biodegradable elastomer item made of the same and production method of
item US2002002243: A biodegradable elastomer obtained by blending a sugar polymer
compound with a cross-linking agent. The patent includes numerous ways of obtaining a
range of polymers with similar properties. The mechanical properties, however, are not
described. Specific applications are not mentioned either.
Bioerodible

thermoset

elastomers

US5047464:

Bioerodible,

thermoset,

covalently crosslinked, elastomeric polyorthoesters comprised of polymer chains that are
interlocked in a covalent, three dimensional network which imparts dimensional stability.
These polymers are suitable as carriers or matrices for drugs and other beneficial agents.
Upon contact with an aqueous environment of use, the polymer degrades to release the
drug or beneficial agent. The polymer may also constitute a structural member of a
device requiring elasticity, resilience, and erodibility features. The patent is assigned to
Merck & Co. Inc.
Production of biodegradable

elastomer JP10139936: A biodegradable

elastomer with rubberlike elasticity and excellent in mechanical strength and heat
resistance, produced by mixing a natural rubber with a specified compound, molding the

mixture into a specified shape and crosslinking it by heating. A translation of the patent is
not available, and no applications are described in the abstract.
Polyester JP2004331807: Biodegradable polyester with excellent mechanical
properties, particularly elasticity. Other than an elastomer, this polyester can also be used
as a hydrogel, an adhesive, a polymer material, etc., related to an environmental or
medical area. The patent is in Japanese with no current translation available nor a
published World, US or EP patent.
Biodegradable Stent JP3205059: A biocompatible and biodegradable stent
formed as a tube made with L-lactide, glycolide, and e-caprolactone, and having specific
tensile strength, elongation, and shore hardness. The stent is made with a biodegradable
and biocompatible, flexible, transparent thermoplastic. This injection stent has a tensile
strength of at least 500psi, an elongation of about 10% or more, and a Shore A hardness
of about 50 to 100 and can readily be processed or extrusion-molded into a tube. The
biodegrading process of the stent starts from time of transplantation between a kidney
and the bladder, and can extend over a period as long as several weeks to two or three
months depending on the condition of an individual and the needs of the patient. The
invention is limited in terms of the material and applications to those mentioned above.
However, it is possible that the inventors have developed a technology that directly
competes with biodegradable stents made from PGS.
Aliphatic polyester-based polymeric alloys having improved mechanical
properties IT1240648: New polymeric alloys comprising aliphatic polyesters and an
elastomer of acrylic type are produced by polymerizing the acrylic monomers in the
presence of the polyester, thus obtaining a complex morphological structure created from
the interpenetration between the polymeric network of the polyester and that of the
acrylic elastomer. The alloys of the invention are biodegradable and have improved
mechanical properties compared to the polyester alone. The patent is only available in
Italian.
Polymers at the Langer Lab
Work at the Langer Lab is at the interface of biotechnology and materials, and has
a focus on the development of polymers for drug delivery applications. An overview of
the intellectual property held by MIT's Technology Licensing Office (TLO) for
technologies developed within the Langer Lab revealed that there are 30 polymer related

inventions. These were analyzed to find one material that is comparable to PGS. A
description is included in this section. The other inventions involved mostly polymer
matrices and networks for drug delivery. However, there are no other tough elastomers
that display surface erosion degradation within the lab. These materials could potentially
be relevant for a technological or business collaboration.
Biodegradable shape memory polymers W09942147: The patent discloses a
biodegradable shape memory polymer with different compositions and how to prepare
and manufacture them. Articles can be prepared from the shape memory polymer
compositions by injection molding, blowing, extrusion and laser ablation. These
materials may be used to manufacture medical devices like stents, catheters, prosthetics,
grafts, screws, pins, pumps, and meshes.
Polymers by Original Inventors
Guillermo Ameer has continued to actively pursue the development of PGS and
has additionally invented a family of biodegradable elastomers at Northwestern
University. These materials were synthesized with sebacic acid and citric acid (as
opposed to glycerol) and include materials like Poly(diol citrate) (PDC), Poly(1,8octadienol-co-citrate) (POC), etc. This invention was disclosed in patent number
US20050063939

titled "Novel

biodegradable

elastomeric

scaffold

for tissue

engineering and light scattering fingerprinting methods for testing the same". The
patent includes a number of different configurations to produce several polymers. The
primary application described is cell scaffold and other tissue engineering functions that
require

elastomeric

scaffolds

(i.e.

cardiovascular,

pulmonary,

ligament

tissue

engineering). The polymer is soft, tough, biodegradable, and exhibits hydrophilic
properties and excellent biocompatibility in vitro. In general terms, the citric acid
polymers are strikingly similar to PGS; however they are less limited in terms of ease to
combine with other polymers.
A recent publication in Tissue Engineeringshows positive results in using POC to
create synthetic composites to produce bone autograft. Bone defects are traditionally
repaired using bone grafts. The availability of bone autografts is limited, and the use of
allografts is associated with the potential for disease transmission and immune reactions.
An alternative is to create synthetic composites that consist of a polymer blended with a

bioceramic to fill large-bone defects. Hydroxylapatite (HA) is a bioceramic that can
improve osteoconductitivty and the mechanical properties of the polymer component,
also serving as a nucleation site for new bone deposition. The research group at
Northwestern University used their biodegradable elastomers to engineer POC/HA
composites, because POC shows controllable degradation rates, good mechanical
properties, enhanced cell affinity to scaffold, and is inexpensive and easy to synthesize.
The POC/HA composite was characterized for mechanical strength, degradation rates and
osteoconductivity. The results were favorable and show that tweaking the percentage of
each scaffold component improves the mechanical properties and allows for tailoring of
the degradation rate [51].
In a separate Tissue Engineering publication, PDC was used to design biphasic
scaffolds to mimic the intimal and medial layers of a blood vessel with connected
nonporous and porous phases respectively. Scaffolds were characterized for tensile and
compressive properties, burst pressure, compliance, foreign body reaction and cell
distribution

and differentiation.

Tensile tests,

burst pressure,

and compliance

measurements confirmed that the incorporation of a nonporous phase to create a "skin"
connected to the porous phase of a scaffold can provide bulk mechanical properties
similar to a native vessel. Compression tests confirmed that the scaffolds are soft and
recover from deformation. Subcutaneously implanted PDC porous scaffolds produced a
thin fibrous capsule and allowed for tissue ingrowth. In vitro culture of tubular biphasic
scaffolds seeded with human aortic smooth muscle cells and endothelial cells
demonstrated the ability of this design to support cell compartmentalization, co-culture,
and cell differentiation. The newly formed cell monolayer was proved to contain collagen

[52].
The family of biodegradable elastomers synthesized by Guillermo Ameer et al. is
further along in terms of development towards specific applications. This is positive since
there is a strong connection and communication between Ameer's research group and the
Langer Lab. The doors are open for collaboration since Dr. Ameer continues to work
with the biorubber. Therefore, a possible plan is to join forces and use all these materials
towards a potential spin-off.

Developing IP Strategy
It would be beneficial to develop an Intellectual Property strategy to protect the
use of biorubber for specific applications. This would help protect the commercial
potential of the material and would also enrich the technology assets of a company built
to develop and commercialize the material. A new patent could involve the use of
biorubber to make different kinds of stents, catheters, prosthetics, grafts, screws, pins,
rods and other devices within the primary applications. At the same time, the devices
could only be manufactured using biorubber, thus providing protection to the inventions
from two angles. Once the specific devices are developed, then the IP strategy could
consolidate to hold the maximum amount of possible value.

Business Models and Financing
When thinking about commercialization routes for a new material, the first
instinct is to lean towards licensing the intellectual property. However, this is not as
simple as it sounds, and at this point of the technology development process, biorubber
has not been developed enough to catch the eye of a larger biomedical company. This
notion was conveyed by the Technology Assessment group in Boston Scientific when the
idea of finding an application for the material was presented. The risk and investment
necessary to successfully incorporate biorubber to their product pipeline is far too large at
this point. In order for biorubber to be attractive, it would have to be presented in the
form of a specific device which has been designed, prototyped and has undergone enough
preliminary testing to appear promising in terms of obtaining market share in its specific
market [53].
Development within Universities
Therefore, the less risky path for commercialization of biorubber would be to
pursue development within MIT, with collaborations from Northwestern University.
Until 2006, the project has been funded through NIH grants and several postdoctoral
members of the Langer Lab continue to work at it. Currently, they have NSF funds
pending. Once synthesis of the material at room temperature has been achieved, the next
development phase should involve focus on designing medical devices for specific
applications.

Start-Up Company
A possible business model is to create a start-up company by putting together
several materials: the biorubber and the citric acid polymers, primarily. There is also the
possibility to gather other materials within the Langer Lab that may be looking for a
home. Once the technology development process is finished, a line of products could be
developed by pursuing NIH Small Business Innovation Research grants or support from
the Deshpande Center at MIT. Success rate for SBIR grants is 15%, but there are several
cycles annually, which increases the possibility of obtaining funding. This phase is the
product development process, after which it would be possible to engage in the search for
venture capitalists to fund further growth. The total sum to go through these stages would
encompass approximately 20 million dollars and would take between three and four years.
Next Step: Selling vs. Manufacturing Material
At this point, it would make good business sense to consider selling the company
to the larger players in the markets where the biorubber products will have or are already
having the most impact. The stent market is held by Boston Scientific and Johnson &
Johnson in a two-company monopoly. Within a few years there may be new players
taking up market share in this field.
Another possible scenario is to become an Original Equipment Manufacturer
(OEM) that manufactures and distributes biorubber and other materials. As an OEM, the
company could license the device technology to a larger company and sell them the
material, since this would be protected through the IP strategy. In this case, the new
company becomes responsible to comply with FDA regulations. It would be possible to
reach a licensing agreement where original FDA approval becomes a joint project, since
preclinical data will be obtained during the product development process.
The main burden in creating a medical start-up company is that in order to make
the project financially feasible, it is necessary to find a specific known market of at least
100 to 200 million USD in size, or develop a device for a brand new application where
the potential market exceeds 1 billion USD [14]. Additionally, there are 5 to 10 years of
development and clinical work ahead in order to fully develop the biorubber, and devices
made from it. This type of burden would require both financial backup and strategic
allegiances in order to come to fruition.
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